of a large group of vertebrates, the poikilotherms, to maintain the reaction of their arterial blood at a point slightly alkaline to neutrality as their body temperature changes is not well documented. Early studies on the blood and acid-base balance of alligators and crocodiles (5, 9) and the more recent report by Robin on turtles (20) indicate that the normal blood pH of these animals is not constant, but varies inversely with temperature.
In their classic work Peters and Van Slyke ( 16) open the chapter on acid-base balance with the statement, "During more than half a century it has been recognized that for the maintenance in the organism of a state compatible with life the reaction of the inner fluids must be slightly to the alkaline side of the neutral point, and that much deviation from this physiological reaction is disastrous," This has usually been interpreted to mean that in order to survive the animal must maintain a constant blood pH. However, the statement does not actuaIly state that it is the pH, per se, but rather that it is the slight alkalinity of the blood with reference to a neutral point that must be maintained.
If the neutral point of water is, indeed, the reference, then it becomes important to recognize and take into account the fact that the ionization constant of water, Kw, changes greatly with temperature and with it the pH of neutrality of water. Both Henderson in 1908 ( I 1) and Austin and Cullen in 1925 (4) emphasized this fact by pointing out that, for example, the same pH at two different temperatures represented two different states of acid-base balance and that the interpretation depended upon the change in pK,. When the temperature falls from 37 to 3 C, pK, increases from 13.6 to 14.8 and thus the pH of neutrality of water@.5 p&) increases 0.6 pH units. Our observation that the normal blood pH of poikilotherm animals undergoes similar changes over this temperature range suggests, therefore, that pH, per se, is not being maintained but rather a constant relationship between blood pH and pH of neutrality.
This preserves a constant ratio between hydroxyl and hydrogen ions even though their absolute concentrations will vary greatly. Preliminary results of our observations have been presented elsewhere (7, 12, 13, 17, 18) and are now reported in detail.
METHODS
Amphibians. Adult bulIfrogs (Rana catesbeiana) weighing between 300 and 500 g and adult toads (&&I marinus) weighing between 200 and 300 g were acquired from commercial suppliers. After the animals had been in the laboratory and unfed for at least 1 week they were anesthetized with MS 222 and a short silicone rubber cannula was implanted in the sciatic artery, filled with heparin, and stoppered with a metal plug. The cannula could be kept patent for 2-3 weeks, permitting repeated sampIing from each animal. Al1 values reported for the bullfrogs were obtained from unanesthetized aninlals during June, July, and August of three consecutive years. Data from the toads were collected throughout the year. No evidence of a seasonal variation was found. The bullfrogs were exposed to temperatures ranging between 5 and 30 C, and the toads to a temperature range of 10 to 37 C. A11 animals were kept at a given temperature for at least 3 days prior to sampling.
After flushing the dead space, 300 ~1 of free flowing arterial blood was collected anaerobically from the unanesthetized animal into heparinized microhematocrit tubes. Small metal rods were inserted into the tubes to permit stirring of the sample, the tubes were sealed with modeling clay, and placed on ice until used. All pH measurements were made within 10 min of sampling. Re@es. Common snapping turtles (CheZy&a serpentina), ranging in weight from 1.4 to 4.7 kg, were prepared for heart punctures by drilling a g-inch hole in the plastron over the heart. Except when drawing blood, the hole was sealed with a rubber stopper. The animals were kept in sufficient water to cover the carapace and were all unfed for at least 3 weeks before being used. The turtles were maintained at 5, 20, or 35 C for at least 3 days before a sample was drawn.
Five-milliliter syringes fitted with a ZO-gauge, 2.5-inch needle were prepared for blood drawing by lubricating the barrels and filling the dead space with heparin solution. A turtle was then taken from the water, turned on its back, and the needle quickly advanced into its ventricle through the previously drilled hole in the plastron. As soon as the blood was seen to enter the syringe, the barrel was disconnected from the needle and the plastic tip of the pH electrode was brought into contact with the free flowing blood. In Vz'tro Studies
Six microhematocrit tubes of blood were serially collected from each of six frogs, as described fur the in vivo studies. Duplicate pH measurements at the same temperature as the animals were made immediately.
The rest of the samples were placed on ice during the time required to warm or cool the electrode unit. When the electrode unit was stable at the new temperatures, pH measurements on one-half of the remaining samples were made. The temperature of the unit was again changed and the pH of the remaining samples was measured. Pcoz at each of the temperatures was determined on samples from three of the animals.
Blood from nine turtles, treated in a similar manner, was used to determine the pH and Pco2 changes that occur in a blood sample warmed or cooled anaerobically outside of the animal's body. 
RESULTS
In Fig. 1 we present a scattergram of the relationship between the pH of the blood and the temperature at which the animal was maintained.
It is apparent that the blood pH decreases in a nearly linear fashion as the body temperature of the frog, toad, and turtle increases. The average change in pH per degree change in temperature (ApH/"C) is -0.016 for the three animals within the temperature range measured. Similar values have been reported for turtles (24-37 C) (21) and alligators (9-35 C) (5), crocodiles (9), and fish (12, 17, 18).
Mean values and standard deviations for pH, Pco~, and HC03-in vivo and for pH in vitro at the diRerent temperatures may be found in Table 1 the bicarbonate/carbonic acid ratio which approximately doubles with cooling over the extreme range of temperature (18) It'is of further interest that the in vitro value exhibits the same change in pH values as the in vivo observations (Table  1) and are similar to those reported earlier by Kent and Peirce (14) and by Robin (21) for another species of turtle and by Rosenthal for mammalian blood (23). In these experiments the total CO2 content of the blood must have remained the same and this, therefore, suggests that the large changes in pH and Pcoz observed in the in vivo studies were also associated with little if any change in the total CO2 content of the blood.
Of particular interest is the fact that the pH of neutral water increases with a fall in temperature in a nearly parallel fashion with that observed in the blood (Fig. 2) .
The mean ApH/"C for neutral water between 37 and 3C is about 0.017 (IO) and thus the differences between pH of the blood and pH of neutral water remain approximately constant over most of the temperature range. These observations, therefore, suggest that these poikilotherm animals do not regulate a constant pH, Pcoz, or HCO,, but rather a constant degree of alkalinity in relation to the neutral point of water.
DISCUSSXON
At first glance it would appear that the acid-base balance of these cold-blooded vertebrates is very poorIy regulated if, indeed, it is regulated at all. We would like to suggest that such is not the case, but rather that in our first glance we looked only for the familiar value, pH, which is rigidly regulated in homeotherms and is thus a convenient way of assessing their acid-base balance.
In animals whose body temperature varies, blood pH alone does not reflect their acid-base status and cannot, therefore, be used to determine whether or not these animals do regulate their acid-base balance.
We have noted that the change in pH of the blood with temperature appears to parallel the change in pH or pOH of neutral water with temperature.
At neutrality pH = pOH and pH + pOH = p&. Thus 2 pH = pK, and pH = x pK,. This value, $$ pK,, whichrepresents the pH or pOH of a neutral aqueous solution at any temperature, we refer to as pN. In Fig. 2 Comparison of the OH-/H+ ratios is justified if we assume that the effect of temperature on the activity coefficients of the two ions is such that they both change by an equal factor. Thus the absolute concentration of the ions need not be defined.
We may also compare the pH values with the pN line of neutrality.
pH -pN is constant over the observed temperature range. In other words, the ratio of H+ in blood to that at neutrality is a constant and exactly half of the OH-/H+ ratio. This comparison says that the relative alkalinity remains constant, i.e., relative to the neutrality of water. It should be emphasized that since pH -pN = 0.5 (PH -pOH), both approaches express the same concept. In practice, therefore, we can easily describe the reaction of a fluid at any temperature in terms of its OH-/H+ ratio. This ratio permits us to express quantitatively the relative alkalinity (or acidity) of a fluid with respect to the neutrality of water at that particular temperature. For example, a pH of 7.4 at 37 C is equivalent to an OH-/H+ ratio of 16: 1. If the temperature is decreased to 20 C then the pH must increase to 7.67 if the OH-/H+ ratio, and thus the relative alkalinity, is to remain constant. This general behavior of the acid-base balance must obviously have a profound effect on the binding of oxygen by hemoglobin.
Since cold-blooded vertebrates do not maintain a constant pH as their body temperature changes, many of the oxygen dissociation curves available in the literature have little relevance to the normal physiological condition of animals at different body temperatures.
It becomes obvious that each temperature requires a different pH if a physiological oxygen dissociation curve is to be described; and this must also be taken into consideration in determination of a physiological CO2 dissociation curve for these animals.
Concept of Ralatiue Alkalinity
The effects of temperature on acid-base equilibria in blood have been discussed by many authors in the past. Since the blood now becomes considerably more alkaline relative to neutral water. This he explained on the facts that the ionization constant of water changed more rapidly with temperature than the ionization constant of carbonic acid. In 1925 Austin and Cullen (4) discussed this problem in great detail and observed that with changes in temperature one must not only consider the H-t-but also the OHsince the ionization constant of water changes. In aqueous solutions H+ X OH-= Kw, or according to the Sorensen notation pH + pOH = p& where the last term represents the ionization constant of water at a particular temperature. Neutrality of water is defined when OH-/H+ = 1.0, or when pH -pOH = 0. Little appreciated is the fact that the neutrality of water is not at a pH of 7.0 except at a temperature of 24.5 C when the pK, = 14.0. Upon cooling, ionization decreases, and pK, increases. At 3 C, for example, pK, = 14.8 and neutrality is at a pH or pOH of 7.4. At 37 C ionization increases, pK, is now reduced to 13.8, and neutrality of water is found at a pH or pOH of 6.8. Therefore if neutrality in an aqueous solution is to be maintained while the temperature decreases from 37 to 3 C, pH of the solution must shift from 6.8 to 7.4. The absolute (H+) and (OH-) will decrease from 160 to 40 nM, but their ratio will remain 1 .O.
Austin and Cullen (4) appear to have been the first to propose that an evaluation of the acid-base balance of an animal at different temperatures requires a consideration of the H+/OHratio. Only if this ratio is preserved with change in temperature does the blood reaction remain constant and comparable.
To prove their contention Austin et al. (5) made a rather detailed study of the blood electrolytes of the alligator after acclimation to 9 and 35 C. The plasma pH was 7.72 and 7.27, respectively, and when these values are expressed as H+/OHratio, they indeed turn out to be practically the same. perature in "C is not linear (see Fig. Z ), but becomes such if this value is plotted against l/OK2 where K represents the Kelvin scale. For this reason the temperature scale reexpressed in centigrade in Fig. 3 is not linear. Thus by plotting a pH value against temperature one can read off directly the difference of pH -pOH or its antilog, the OH-/H+ ratio, the same information which is also expressed in the nomogram of Albers (2) . This graph now makes it more apparent that over a large body temperature range the relative alkalinity of the blood remains quite stable, even though the pH does not. It will also be seen that the particular relative alkalinity which an animal maintains depends to some degree upon the species. For example, the bullfrog has an OH-/H+ ratio which is somewhat higher than the toad or the turtle. The stippled band of Fig. 3 merely indicates the range in OH-/H+ ratio which we have observed so far.
If one accepts the observed behavior of blood pH as shown in Fig. 3 as a regulation of relative alkalinity or a constant OH-/H+ ratio, one is now in a position to delineate the range of alkalosis and acidosis at any given temperature. As shown in Fig. 3 , the region below the stippled band represents acidosis and above the band, alkalosis. For example, a frog with a pH of 7.4 at 21 C is as acidotic as a frog with a pH of 7.6 at 10 C. In both cases the OH-/H+ ratio is only 5: 1 instead of the normal value of 40: 1. Using hypoxia to produce a severe acidosis, Lenfant and Johansen ( 15) and Howell and Bouverot (unpublished observations) have shown that the pH and therefore the OH-/H+ ratio quickly falls and with recovery returns to the normal value for the given temperature.
It is of interest to note that the pH values for normal homeotherms ( 10 species of birds and mammals reported in the literature) when plotted against their regulated body temperature fall within the stippled band of Fig. 3 In the preceding discussion we have suggested that cold-blooded vertebrates might regulate a constant OH-/H+ ratio. It is imperative now to consider the role that buffer systems play in the acid-base behavior which we have observed. For this purpose we must examine the overall behavior of the various buffering systems in relation to temperature.
At any given temperature a change in H+ will affect differently the acid/salt ratio of each buffer system since each has a different pK value. Thus in an isohydric system: = K2
where the subscripts 1, 2, and 3 might represent the bicarbonate, phosphate, and protein buffer system, and K is the respective dissociation constant. The buffering for each system is a function of its acid/ salt ratio as well as the absolute concentration of these elements. We may now ask how a change in temperature would affect this ratio in each system, Only if the change in
